Abstract-A few-moded silica-based optical fiber fabricated from core materials that possess intrinsically low optical nonlinearities is reported. Specifically, the 8-µm core, 125-µm cladding diameter silicate fiber was composed of a strontium aluminosilicate oxyfluoride core with a fused silica cladding and was fabricated using the molten core method. Relative to conventional optical fibers, reductions of ∼6.3 dB in Brillouin gain coefficient (g B ), ∼0.9 dB in Raman gain coefficient (g R ), and ∼2.2 dB in thermo-optic coefficient were realized as was a "silica-like" nonlinear refractive index (n 2 ) with a value of ∼3 × 10 -20 m 2 /W. The role of each core material constituent on parameters that drive optical nonlinearities is discussed to provide a materials solution route for low nonlinearity fiber systems. Materially addressing optical nonlinearities represent a simpler and more effective approach to mitigating powerscaling limits in high energy fiber laser systems compared to the geometric approaches employed using microstructured fibers.
wave-mixing phenomena (e.g., four-wave mixing, FWM, and self-phase modulation, SPM) [1] . In order to combat these performance limitations, fiber designers have developed evermore complex structures that aim to spread the propagating mode out over a larger cross-sectional area so as to reduce the power density in the fiber below the threshold power for each parasitic effect. Such "large mode area" (LMA) fibers are often designed to behave as "effectively single mode" waveguides by controlling the losses associated with the higher order modes. Based on their inherently and inextricably multimode nature, such designs introduce additional parasitic phenomena, such as the thermally mediated Transverse Mode Instability (TMI) where, at some threshold power, the beam modal distribution randomizes and becomes dynamic. TMI diminishes beam quality and is presently the main cause of power scaling restrictions in high energy laser applications [2] . This paper presents results based on a second approach to mitigating nonlinear limitations in optical fiber lasers; namely attacking such nonlinearities at their fundamental origin -the material through which the light propagates. Though less well studied within the fiber laser community, such a materials approach offers a more powerful yet simpler and more scalable way to address nonlinearities in comparison to the greater complexity and cost of sophisticated fiber designs [3] , [4] . As an example, it is known that the magnitude of stimulated Brillouin scattering is proportional to the Brillouin gain coefficient, g B , which is related to the material density (ρ), refractive index (n), acoustic velocity (V a ), Brillouin spectral linewidth (Δν), and the Pockels photoelastic coefficient (p 12 ). The latter parameter, p 12 , is of particular interest since it is the only factor in determining g B that can take a null value thus permitting, in a suitable material, the complete eradication of SBS. Using this approach, nearly 20 dB suppression in SBS has been achieved using simple core/cladding optical fibers possessing intrinsically low photoelasticity [5] . Raman scattering is an intrinsic material property that can also be reduced using intrinsically low Raman gain materials, coupled with a fabrication process with rapid quench rates that promote a more disordered core glass. This approach has led to a reduction of ∼3 dB in Raman gain coefficient (g R ) relative to silica [6] . Finally, thermal effects such as TMI or thermal lensing (TL) are directly proportional to the thermo-optic coefficient (TOC) [2] , [7] , [8] . Therefore, a reduction, and at best suppression, of TL is expected with low-TOC materials. To date, however, to the best of the Authors knowledge, each of these reductions has been achieved individually in a fiber; i.e., there is no report of simultaneous reductions to SBS, SRS, and TOC in a single fiber from a common core material. This is the purpose of this work.
In order to materially attack each of these nonlinearities collectively, a silica cladding and silicate core glass optical fiber in the ternary strontium fluoride (SrF 2 ) -alumina (Al 2 O 3 ) -silica (SiO 2 ) precursor system was fabricated. Alumina and alkaline earth oxides in silicates are known to exhibit intrinsically low g B values [5] , [9] , [10] and the multicomponent and rapidly quenched nature of molten-core-derived fibers yields a reduction in g R . Further, the introduction of fluorine into silicate glasses (in this case through the SrF 2 ) lessens the linear and nonlinear refractive indices [11] [12] [13] , making the fibers fewermoded and possibly reducing wave-mixing phenomena through of the reduction in n 2 . Lowering the TOC can be achieved through the introduction of materials with reduced or negative TOC values, such as the alkaline earth fluoride family [14] and, specifically, SrF 2 as employed here in a silica matrix. Further, alumina plays a crucial role in glass formation since it prevents the well-known phase separation exhibited in binary alkaline earth silicates [15] , [16] . The use of a silicate core and a silica cladding has the added advantage of providing high strength and enhanced thermomechanical stability as is critical to the fieldability of such a fiber.
II. EXPERIMENTAL PROCEDURE

A. Fiber Fabrication
The fiber was fabricated using the molten core method [17] . Briefly, a mixture of high purity commercially available SrF 2 and Al 2 O 3 powders (Alfa Aesar; Al 2 O 3 , α-phase: 99.997% purity, SrF 2 : 99.99% purity) was mixed and inserted into a pure silica capillary tube of 3 mm inner and 30 mm outer diameter. This preform was drawn at a temperature of about 2000°C such that the precursor core materials melt, as is characteristic of the molten core method. The preform then was drawn directly into a fiber and the molten core is quenched as the fiber cools and forms a glassy state facilitated by the high cooling rates (>2000°C/s). Additional details on the fabrication method can be found in [3] , [18] . The fiber diameter was 125 μm and 800 m of fiber was collected. The fiber was coated with a conventional UV-curable acrylate coating (Desolite 3471-3-14, DSM Desotech). As the fiber is drawn, silica from the cladding dissolves into the molten core due to thermally activated mass transport, yielding a graded-index core whose composition contains the aforementioned SiO 2 along with the original precursor SrF 2 -Al 2 O 3 mixture. Hence, this fiber is said to be a SrF 2 -derived aluminosilicate oxyfluoride fiber; designated "SrAlSi-F" hereafter. For completeness and for the benefit of the reader, data from a SrO-derived aluminosilicate (i.e., SrAlSi) analog, previously fabricated and reported in [10] , is used here for comparison and discussion as to the role of the fluorine.
B. Fiber Characterization
Scanning electron microscopy (SEM) analysis was performed on a representative cross section of the fiber using a Hitachi-6600 SEM, at 25 kV, in order to ensure the absence of phase separation in the core and to determine core and cladding diameters. The cross-sectional composition of the fiber was determined by an energy dispersive x-ray (EDX) probe coupled to the SEM.
The refractive index profile (RIP) was measured transversely at a wavelength of 950 nm through the side of the fiber using a Fourier Transform interferometer [19] . Previous investigations have suggested that the wavelength dependence of the core refractive index difference (Δn) is particularly small between 950 nm and 1550 nm [20] , therefore introducing insignificant error to the present analysis. Attenuation of the fiber was determined using the cut-back method at a wavelength of 1534 nm.
Raman spectra of the fiber core materials (this reported fiber as well as an analogous fiber from [10] that did not possess fluorine) were obtained using a commercial Raman microscope (alpha300, WItech) in a backscattering geometry, utilizing a 532 nm pump source with a focused beam diameter of about 1 μm and a photon collection time of 120 s per datum. Since g R is determined relative to fused silica (more details provided in Section III-D), a data point was taken in the cladding of SrAlSi-F fiber, which served as a reference value for pure fused silica.
Methodologies used to characterize the Brillouin (elastic) properties of the fiber are provided in greater detail elsewhere [20] , [21] . Briefly, a heterodyne approach is applied to measure the Brillouin Gain Spectrum (BGS) of the fiber. A pre-amplified narrow linewidth signal (∼100 kHz linewidth at 1534 nm) served as the pump source, while the back-scattered signal is collected through a circulator at the input of the fiber under test (FUT). The Rayleigh back-scattered pump and Brillouin signals are mixed on a fast detector and the resultant electrical signal produced is examined utilizing an electrical spectrum analyzer (ESA). The same apparatus was used to measure the temperature and strain dependencies of the Brillouin frequency shift (BFS), by applying either heat (via a thermal bath) or strain (stretching a mechanically well-secured fiber) to the FUT. For both temperature and strain, the dependence of the BFS was found to be linear [22] , [23] .
In order to estimate g B , the relative Brillouin scattering strength (amplitude of the Brillouin back-scattered signal) from a known length of control fiber (whose g B is known) is compared with that from the FUT, also of known length [10] . A P 2 O 5 -doped silica control fiber was utilized for this measurement since it is very well mode-matched to the fundamental mode of the FUT and its BGS does not overlap with that of the FUT. The mode field diameters (MFDs, calculated from the RIPs) and all losses associated with the measurements were carefully determined as both are necessary for an accurate estimation of g B .
As in [10] , a ring laser apparatus was used to characterize the refractive index dependence on temperature and longitudinal strain (thermo-optic coefficient or TOC and strain-optic coefficient or SOC, respectively). More specifically, the ring laser was constructed with a segment of FUT forming part of the cavity. Measurements of the change in laser free spectral range (FSR) when the FUT is subjected to either heat or strain allows the determination of the dependence of the fiber (modal) refractive index on these values. For disambiguation, the TOC = dn/dT and the SOC = p 12 − ν(p 11 + p 12 ) where p ij are the Pockels photoelastic coefficients and ν is Poisson's ratio. Multiplying the SOC by -n 3 /2 yields dn/dε. Finally, the nonlinear refractive index, n 2 , was estimated via a simple SPM measurement. In these experiments, high peak power pulses were propagated through the fiber to experience spectral broadening. The source used for this measurement was a passively mode-locked fiber laser emitting linearly polarized, 750 fs soliton pulses, centered at 1540 nm. The optical pulses were coupled into 4.8 m of SrAlSi-F fiber and the output spectra for different input powers were recorded using an optical spectrum analyzer (OSA). Experimentally, the coupling efficiency was optimized by monitoring the output power and spectrum while adjusting the input polarization, to ensure propagation in the fundamental mode of the fiber. To obtain a value for n 2 , the measured spectra were compared with numerical modeling using the standard nonlinear Schrödinger equation [24] .
III. EXPERIMENTAL RESULTS
A. Fiber Properties
SEM imaging of the fiber cross section was performed and a representative micrograph is provided in Fig. 1 . The core and cladding diameters were determined to be 8 μm (using RIP, Fig.  3 ) and 125 μm (using SEM imaging, Fig. 1 ), respectively, and no evidence of phase separation was observed in the core.
EDX compositional analysis on the same cross-section of fiber showed a graded profile composed of silicon, strontium, aluminum, fluorine and oxygen (Fig. 2) . Again, the silicon and some of the oxygen are incorporated into the molten core during the draw due to dissolution/diffusion of silica from the cladding. In addition, the results are presented in atom percent (At. %) since the exact bonding nature of the fluorine is presently unknown (i.e., it has yet to be determined whether the fluorine remains bound to the strontium or preferentially reacts with the aluminum or silicon). In alkaline earth aluminosilicate glasses, studies have shown that fluorine can react and bond to other species in the glass (e.g., Sr or/and Si or/and Al) depending on the glass composition and temperature [25] [26] [27] [28] [29] [30] . In the present fiber, the measured fluorine content was ∼2.72 At.% (2.36 Wt.%) at the core center, which is higher than that typically found in CVD-derived silica fibers. From the EDX data, the atomic ratio of [F]/[Sr] was determined to be about ∼0.91 at the center of the core, a reduction by about half from the initial stoichiometric value of 2 in the SrF 2 precursor. This reduction is believed to be due mainly to the formation of volatile SiF 4 when SrF 2 is in contact with SiO 2 in the core melt, similar to CaF 2 -containing silicate slags [31] [32] [33] .
The measured refractive index profile (RIP) across the fiber core is shown in Fig. 3 , relative to the pure silica cladding. Also plotted for comparison is the RIP from the non-fluorine containing SrAlSi fiber of Ref. [10] . The SrAlSi-F fiber exhibits a Δn that was about 2 times lower than the SrAlSi fiber at the core center due to a lower doping concentration (i.e., higher silica content) and, additionally, to the presence of the fluorine. Using the well-known expression for the dimensionless V number and assuming that the index is uniform across the 8 μm core (as a limiting approximation), the SrAlSi-F fiber exhibits a V number value of ∼5.29, whereas this value is ∼10.12 for the SrAlSi fiber of [10] . The origin of this lower V number for SrAlSi-F fiber principally arises from its reduced Δn, combined with its small core size. The beneficial effect of fluorine in reducing n in these oxyfluoride glass systems is discussed in Section III-C, and can be employed as an efficient route to fabricate few-mode (such as are typically found in high power fiber laser applications), and ultimately, single mode fibers. As is known, the introduction of Al and Sr oxides to the silica core matrix increases n, and thus the waveguide numerical aperture (NA), compromising single mode operation. There are several approaches possible to reduce the number of modes in the fiber. For example, a pedestal design can be implemented [34] , with the addition of an index-raising inner cladding layer glass to reduce the NA of a central core. Alternatively, higher index silicate cladding compositions, such as those in the SiO 2 -Al 2 O 3 -La 2 O 3 system [35] , can be used to reduce the fiber NA. While simpler core-clad step index fiber designs are preferred from a fabrication standpoint, the proposed materials are still amenable to more complicated LMA fibers. In other words, these intrinsically low nonlinearity materials are also compatible with microstructured fiber designs and so a tandem approach of materials, coupled with design could significantly increase optical nonlinearity thresholds.
Attenuation losses and other fiber properties are reported in Table I including measurement errors where appropriate. It should be noted that the high attenuation loss (0.65 dB/m) relative to conventional LMA fibers is a limiting factor in the practicability of such fibers. However, previous fibers fabricated via the molten core method have shown reduced attenuation losses to the order of ∼0.1 dB/m [36] , as the purity of the initial precursors used during the process is expected to greatly contribute to the waveguide attenuation losses. Further efforts to develop higher purity precursor materials are necessary to drive down attenuation losses. 
B. Brillouin and Thermal/Acoustic Properties
The Brillouin-related properties of the SrAlSi-F fiber, along with other physical properties, are summarized in Table II ; again with a comparison to the non-fluorine-containing SrO-derived aluminosilicate fiber (SrAlSi) analog of [10] . Fig. 4 shows the Brillouin Gain Spectrum (BGS) for the present fiber at two different temperatures (22°C and 91°C). These spectra are extremely well-represented by single-Lorentzian fitting functions.
The measured g B for the SrAlSi-F fiber was 0.56 × 10 −11 m/W, which is ∼6.3 dB lower than conventional fibers (∼2.4 × 10 −11 m/W [37] ). However, its value is larger than that for the SrAlSi fiber for the following reasons. First, the SrAlSi-F fiber contains more silica and, therefore, fewer intrinsically Brillouin reducing compounds. Secondly, this fiber is acoustically guiding, as opposed to the anti-guiding SrAlSi fiber, due to the former exhibiting a lower longitudinal acoustic velocity in the core than in the pure silica cladding. Accordingly, there is no contribution from the waveguide design to g B reduction (waveguide-based acoustic attenuation), as was the case for SrAlSi fiber [10] .
The thermo-optic coefficient, TOC, was found to be 0.63 × 10 −5 K −1 , which is ∼2.2 dB lower than fused SiO 2 (∼ [10] ). The low intrinsic value of the TOC can be attributed to the presence of fluorine in the fiber core. Indeed, the TOC of Al 2 O 3 and SiO 2 glassy constituents are both found to be positive, and only that for SrO is negative [10] . This suggests that a lower Sr content, and consequently a higher Si content (this is the case for SrAlSi-F compare to SrAlSi), should give a higher nominal value of TOC.
Since the opposite trend is observed, we attribute fluorine to be partially responsible for the reduction of the TOC. There is no evidence that F remains attached to Sr post fiber fabrication, as noted earlier, and additional work needs to be carried out to better understand how and in what proportion F participates to an intrinsically low TOC in these oxyfluoride glasses. For completeness, a change in TOC may also be induced by the specific core/cladding fiber geometry, where the core is thermomechanically constrained inside the SiO 2 in a similar way as in [38] . A forthcoming paper will be dedicated to providing an insight into the structure of the glassy core as well as how it relates to changes in optical and material properties presently determined.
C. Effect of Fluorine on Glass Properties
In an effort to gain insight into the role of F in the system, this section presents some mathematical analysis of the results presented in Tables I and II . Previous modeling efforts have focused on the effect of constituents on several material properties of multicomponent glasses [9] , [10] . However, since the coordination of F is not currently known, a few key physical properties of the glass are calculated assuming the compositions of Fig. 2 at core center, but assuming no F in the system. Then, these calculations are compared with measured data to deduce how the presence of F modifies the system.
For brevity, specific details of this 'additivity' model, which includes the effect of mode overlap with the material distribution, will not be provided here, but instead can be found in great detail in [3] , [5] , [20] , [21] . These compositions and properties are summarized in Table III . Note that since F dilutes the system, the relative proportion of SrO and Al 2 O 3 drops with the addition of F.
The dependence of refractive index difference on [F] (fluorine concentration in mole%) is somewhat less than what is found in [39] , [40] (∼−1.5 × 10 −3 per mole% F when F is added to silica). While this value is somewhat a function of fiber fictive temperature [39] , it could be a first hint that F is not necessarily coordinated to Si within this oxyfluoride glass. The dependence of the acoustic velocity on [F] also differs from the data presented in [40] (∼−47.8 m/s/[F]) in that it is roughly 40% stronger (more negative). This could be evidence that F forms at least some AlF 3 compounds since its acoustic velocity (extrapolated from [41] for AlF 3 to be ∼ ½ that of Al 2 O 3 ) would have the largest reduction relative to its oxide form. Low-acousticvelocity AlF 3 replacing high-velocity Al 2 O 3 in the glass system could therefore account for the larger reduction in overall acoustic velocity relative to F-doped silica. Interestingly, pure, bulk SrF 2 has an acoustic velocity (∼5400 m/s) [42] comparable to silica and the presence of SrF 2 would be expected to raise the acoustic velocity relative to the presence of the same quantity of SrO [10] . That said, the observed data may also be an embodiment of an admixture of fluoride environments (AlF 3 + SrF 2 + oxides).
Continuing scrutiny of the data, the Brillouin spectral width is found to increase with increasing [F], however to the best of our ability, literature data could not be found with which a comparison could be made. The addition of F to SiO 2 decreases TOC by roughly −0.09 × 10 [43] , representing an order-of-magnitude difference from the observation provided in Table III . While Group II fluorides do have negative thermooptic coefficients, they are roughly equal but opposite in sign to that of silica. Literature values include −13 × 10 −6 K −1 [44] and −15.9 × 10 −6 K −1 [45] for SrF 2 . This is insufficient to explain the strong effect of F on TOC and therefore it is conceded that this is currently not yet well understood. However, in summary, the advantages in the addition of F to the system clearly include a reduction in the refractive index difference and TOC, the latter possibly offering reduced susceptibility to TMI [2] , [4] .
D. Nonlinear Refractive Index
The output spectra resulting from high power pulse propagation within the SrAlSi-F fiber are shown in Fig. 5 , obtained for four different input powers (orange). These results clearly display the effects of nonlinear spectral broadening due to SPM. Comparing these with the results of the numerical model (black), the nonlinear refractive index is estimated to be around 3 × 10 −20 m 2 /W. Errors are estimated to be ±10% for this measurement. Although this value is similar to what is typically reported for fused silica [46] , it is worth recalling that the linear refractive index of the SrAlSi-F fiber core is comparatively higher.
The normalized spontaneous Raman spectra for the SrAlSi-F and SrAlSi fibers are shown in Fig. 6 . Typical features have been identified for fused silica (data point taken in cladding) [48] , [49] . The main peak at ∼440 cm −1 is attributed to Si-O-Si stretching modes. Peaks at ∼490 cm −1 and ∼600 cm −1 correspond to the so-called defect lines, and other features, at ∼800 cm −1 (bending modes of Si-O bonds), 1060 cm −1 and 1200 cm −1 (associated with some asymmetric and symmetric stretch- . Experimental (orange dots) and simulated (black line) self-phase modulation (SPM) spectra for four different input pulse peak powers; 4.8 m of SrAlSi-F fiber were used. Fig. 6 . Compilation of the corrected and normalized Raman spectra of SrAlSi-F and SrAlSi (from [10] ) fibers relative to the pure silica cladding (taken from SrAlSi-F fiber). Spontaneous Raman spectra of SrAlSi-F and SrAlSi fibers are corrected similarly to that in Ref. [47] and normalized relative to the highest peak of fused silica (∼440 cm −1 ).
ing vibrations) are also present. The presence of Sr as a glass modifier correlates with the reduction in the relative strength of these well-known features due to the subsequent depolymerization of the SiO 2 network (and decrease in SiO 2 content). This structural modification also promotes the appearance of several additional peaks, specifically one around 1050 cm −1 , which is characteristic of the formation of non-bridging oxygen (NBO) ions [48] . The introduction of alumina results in a broadening of the Raman peaks, as observed in [6] . This feature is more pronounced for SrAlSi than for SrAlSi-F, due to the higher aluminum content in the former fiber. The broadened linewidths of the Raman peaks, therefore, further supports the existence of a more highly disordered glass structure as well as the SEM observation that the rapid cooling rate mitigated phase separation in these otherwise unstable glass compositions.
If fluorine in the SrAlSi-F fiber were principally bound to Si (formation of Si-F bonds), the Raman spectra would exhibit peaks around 950 and 480 cm −1 , as reported in [50] [51] [52] . However, spectral overlap with the Si-O and NBO peaks at similar frequencies, coupled with the relatively low fluorine content relative to the other glass constituents, renders assignment of the fluorine peak contribution more challenging. Further, as noted above, the fluorine may not be exclusively bound to the silicon. Therefore, should the F be distributed among the Si, Al, and Sr, then the relative Raman contributions from F would be further reduced. The exact nature of the fluorine bonding is a topic of on-going study.
Raman gain coefficients, g R , are measured relative to the one for SiO 2 (taken to be equal to 1) and correspond to the maximum intensity of the highest peak of the scattering bandwidth (situated around 440 cm −1 ). Thus, we obtain g R values for SrAlSi-F and SrAlSi fibers that are lower than silica by ∼0.91 dB and ∼2.15 dB, respectively. The SrAlSi fiber exhibits a lower Raman gain coefficient than the SrAlSi-F fiber, likely due to its lower silica content (and thus a lower Si-O-Si peak intensity) even though the presence of fluorine in the later fiber should contribute to an intrinsically lower g R , all other things being equal [53] . It should be noted that the low Raman response in these aluminosilicate glasses contrasts with a typical increase of Raman cross section intensity when considering other common oxide additives to SiO 2 , such as GeO 2 , P 2 O 5 or B 2 O 3 [54] . Therefore, since the introduction of alkaline earth and alumina compounds into silicate glasses reduces g R relative to fused silica, using these materials can be considered as an effective and straight-forward approach to reduce SRS in fibers. In the limit of very large incorporation of dopants into the silica matrix (and therefore, lower silica content), one may expect that peaks other than the one at ∼440 cm −1 will begin to dominate the Raman scattering cross section intensity, likely in the high energy region characteristic of NBOs formation. This may then ultimately be a limiting factor to further reduction of g R . Moreover, glass formation and fabrication of systems with low silica content can become more challenging.
IV. CONCLUSION
Reported here are the properties of a simple silica cladding, oxyfluoride core optical fiber that exhibits intrinsically low Brillouin, Raman, and thermo-optic properties based entirely on the materials from which it is made. Specifically, measured reductions of about 6 dB, 1 dB, and 2 dB in Brillouin gain coefficient (g B ), Raman gain coefficient (g R ), and thermo-optic coefficient, respectively, were realized as was a "silica-like" nonlinear refractive index. Whether the fluorine atoms remain bound to the strontium or react with the alumina or silica during the molten core fabrication is presently unknown. Without question, though, fluorine influences each of the nonlinearities that are parasitic to fiber laser performance at high power while also reducing the effective refractive index of the resultant core glass. Accordingly, the chemical disposition of the fluorine during fiber draw, the resultant glass structure, and methods to increase the fluorine concentration in the final fiber are all topics worthy of future study. measurements and J. Tang (Clemson University, Clemson, SC, USA) for his help with the Raman measurements. The authors would also like to thank Prof. R. Stolen (Clemson University) for thoughtful discussions on nonlinear interactions in optical fibers.
